In premenopausal women, elevated C-reactive protein (CRP) concentrations have been associated with an increased risk of negative reproductive outcomes. Whole grain consumption has been associated with lower CRP concentrations in older women; however, less is known about this relationship in younger women. We investigated whether whole grain intake was associated with serum high sensitivity CRP (hs-CRP) concentrations in young women. BioCycle was a prospective cohort study conducted at the University of Buffalo from 2005 to 2007, which followed 259 healthy women aged 18-44 y for #2 menstrual cycles. hs-CRP concentrations were measured longitudinally #8 times/cycle with visits standardized to menstrual cycle phase. Whole grain intake was estimated by 24-h recalls # 4 times/cycle. Servings were defined as 16 g or 125 mL of a 100% whole grain food. Whole grain intake was inversely associated with hs-CRP concentrations after adjusting for age, race, BMI, illness, and antiinflammatory drug use. Consumers of between 0 and 1 serving/d of whole grains had, on average, 11.5% lower hs-CRP concentrations (P = 0.02) and consumers of $1 serving/ d had 12.3% lower hs-CRP concentrations (P = 0.02) compared with nonconsumers. Women who consumed $1 serving/ d of whole grain had a lower probability of having moderate (P = 0.008) or elevated (P = 0.001) hs-CRP according to the AHA criteria compared with nonconsumers. Given that elevated concentrations of hs-CRP have been linked to adverse reproductive outcomes and pregnancy complications, interventions targeting whole grain consumption may have the potential to improve health status among young women.
Introduction
C-reactive protein (CRP) 7 is an acute-phase protein secreted by the liver that is a sensitive marker for subclinical inflammation (1) . Elevated concentrations of CRP have recently emerged as a prominent biomarker of chronic disease risk in both young and older women. For instance, in healthy women, elevated CRP is strongly and independently associated with future heightened risk for cardiovascular disease (CVD) and cardiovascular events (2) , type 2 diabetes (3), and all cancers (4) . Among reproductiveaged women, elevated CRP concentrations have been associated with increased risk of pregnancy complications and adverse reproductive outcomes such as preeclampsia (5) , gestational diabetes (6), preterm birth (7), fertility problems (specifically assisted reproductive technology failure) (8) , and incidence of polycystic ovary syndrome (9) .
Whole grain intake has been associated with lower circulating concentrations of CRP in some (10, 11) , but not all (12) , cohorts of older women. It is thought that whole grains exert an antiinflammatory effect through synergistic activity of their health-promoting components, which include dietary fiber, minerals, phytoestrogens, and antioxidants (13) . Based on this as well as evidence that whole grains have beneficial health effects, the AHA (14) , USDA (15) , and American Diabetes Association (16) all recommend that at least one-half of an individual's grain intake come from whole grains. However, despite evidence of the protective effects of whole grain foods on CRP concentrations in older women and those with certain health conditions, little research has been conducted to determine whether a similar association exists in younger women.
Thus, the aim of this study was to assess the association between whole grain intake and serum high sensitivity CRP (hs-CRP) concentrations in young women and evaluate whether this association was mediated by other metabolic variables.
Methods
Study design. The BioCycle study was a prospective cohort study of menstrual cycle function among 259 regularly menstruating, healthy, premenopausal volunteers aged 18-44 y recruited from western New York and followed for up to 2 menstrual cycles. Exclusion criteria included current use of oral contraceptives, vitamin and mineral supplements, or prescription medications; pregnancy or breast-feeding in the past 6 mo; and recent history of infections or diagnosis of chronic conditions. Women with a self-reported BMI (kg/m 2 ) ,18 or .35 at screening and those planning to restrict their diet for weight loss or medical reasons were excluded. Details of this study have been published elsewhere (17) . The University at Buffalo Health Sciences' Institutional Review Board approved the study and all participants provided written informed consent.
Participants were followed for 1 (n = 9) or 2 (n = 250) menstrual cycles with fasting blood samples collected on approximately d 2 of menstruation, mid and late follicular phase, 2 d around expected ovulation, and early, mid, and late luteal phase, with collection dates scheduled using fertility monitors (Clearblue Easy Fertility Monitor; Inverness Medical) (18) . Standardizing serum collection was done, because hs-CRP concentrations, among others, have been observed to vary according to reproductive hormone concentrations across the menstrual cycle in premenopausal women (19) . Overall, compliance to the study protocol was high, with 94% of women completing at least 7 clinic visits/cycle and 100% completing 5 visits/cycle.
Dietary assessment. Dietary intake was assessed up to 4 times/cycle (corresponding to menses, mid follicular phase, ovulation, and mid luteal phase) using a 24-h dietary recall. Dietary intake data were collected and analyzed using the Nutrition Data System for Research software version 2005 developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN. Whole grain servings were derived from total grain servings (defined per the Dietary Guidelines for Americans 2005 as 1 slice of bread, 1 ounce of ready-toeat cereal, or 1/2 cup of cooked cereal, rice, or pasta) (15) . Whole grains were those containing the entire grain kernel (i.e. the bran, germ, and endosperm). If a whole grain ingredient was the first ingredient on the food label, the grain product was classified as a whole grain. Products that contained only some whole grains were not included in the whole grain category. A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. The majority of women completed 4 dietary recalls/cycle (87%) and all participants completed at least 2 recalls/cycle. Biological specimens. Fasting blood specimens were collected were collected between 0700 and 0830 h at each cycle visit. hs-CRP was measured in serum using the IMMULITE 2000 High Sensitivity CRP Chemiluminescent Immunoassay (20) . Serum homocysteine was measured at mid follicular, ovulation, and mid luteal visits using an IMMULITE 2000 Homocysteine Competitive Immunoassay (CV , 10.4% at all concentrations). Serum total cholesterol, HDL cholesterol, and triglycerides were determined by an auto chemistry analyzer (,5% CV for all assays). LDL cholesterol was determined using the Friedewald formula (21). Serum insulin was measured using a solid-phase competitive Chemiluminescent Enzymatic Immunoassay by Specialty Laboratories on the DPC Immulite 2000 analyzer (Siemens Medical Solutions Diagnostics) (,10% CV). Fasting plasma glucose was assayed using a hexokinase-based methodology on a Beckman LX20 autoanalyzer (CV , 3%). Insulin resistance (homeostatic model assessment-insulin resistance) was calculated based on the homeostasis model using the equation: fasting insulin (mU/L) 3 fasting glucose (mmol/L)/22.5 (22) . All biomarkers were analyzed at the Kaleida Center for Laboratory Medicine, Buffalo, NY.
Covariate assessment. Participants completed questionnaires regarding lifestyle, family, and reproductive health history, and physical activity (International Physical Activity Questionnaire long form 2002) (23) . High, moderate, and low physical activity categories were created based on standard International Physical Activity Questionnaire cutpoints. At each clinic visit, women reported whether they had been ill (cold, flu, or other) in the past 7 d. In daily diaries, women recorded the type, frequency, and dosage of nonsteroidal antiinflammatory drug (NSAID) use. The mean of 3 blood pressure measurements was calculated at each clinic visit. Height and weight were measured by standardized protocols and used to calculate BMI. All covariates had ,5% total missing data.
Statistical analysis. ANOVA was used to compare dietary intake by visit for each woman to determine whether intake changed significantly over the cycle. No significant differences in whole grain intake were observed across each cycle; therefore, a mean daily intake per cycle was calculated for whole grain and other dietary variables. Whole grain intake per cycle was categorized according to consumption groups: 0 servings/d, .0 but ,1 whole grain servings/d, and $1 whole grain servings/d (24) . Because only 3% of the women consumed the USDA recommended intake ($3 servings/d) and ,10% consumed $2 servings/ d, there was not adequate power to evaluate the association of whole grain intake with hs-CRP according to these cutpoints.
In all analyses, hs-CRP concentrations were log transformed for normality. Six percent of the hs-CRP measurements were below the limit of detection (0.1) and were accounted for using multiple imputation (25) . Less than 1% of the hs-CRP measurements were .10 mg/L, which might be indicative of viral or bacterial infection. Excluding these observations produced little change in the results, so all values were included in the analyses. hs-CRP was categorized by the mean hs-CRP across the cycle according to the AHA CVD risk cutpoints: hs-CRP , 1 mg/L, low; hs-CRP $ 1 mg/L and # 3 mg/L, moderate; or hs-CRP . 3 mg/L, elevated (26) .
Descriptive statistics were calculated for demographic characteristics, serum biomarkers, and dietary intake. Generalized linear mixed models were used to test for associations between demographic and dietary variables and levels of whole grain intake and hs-CRP. Generalized linear mixed models on the log scale of hs-CRP were used to evaluate the association between mean whole grain consumption per cycle and hs-CRP concentrations. In these models, up to 8 log hs-CRP concentrations/cycle were included and considered as separate observations in the model. Because 250 women were followed for 2 menstrual cycles and 16.4% of these women changed AHA categorizations, we evaluated the risk of moving to a more severe AHA hs-CRP categorization from cycle 1 to cycle 2 based on mean whole grain intake per cycle (27) . Generalized linear mixed models with multinormal distributions were used for these comparisons. Generalized linear mixed models were utilized in all analyses, because they appropriately account for the correlation between cycles as well as allow for addition of a random effect to account for differences in baseline levels of hs-CRP between women. Confounding was assessed using a hybrid approach combining prior knowledge and change in point estimates (28) . A set of variables was determined by a review of the prior literature and a detailed directed acyclic graph was created that identified the variables that should be included in the models. Important a priori confounders we considered were age, BMI, race, physical activity, smoking status, and several dietary components, particularly unsaturated fatty acid, fruit, vegetable, fiber, and vitamin E intake. Confounders were included in the final adjusted model only if they changed the exposure coefficient by .15% and were significant at P = 0.10. In addition, interactions between whole grain intake and lifestyle factors such as BMI were tested using crossproduct terms in the generalized linear mixed model.
The National Cancer Institute (NCI) method for estimating the usual intake of episodically consumed foods was used as a sensitivity analysis to assess potential misclassification of whole grain intake (specifically for nonconsumers) (29) . This method takes into account the high number of days where whole grains were not consumed, because episodic consumption may not have been accurately captured by the 24-h recall. Generalized linear mixed models with random intercepts were used to evaluate the association between usual whole grain consumption per cycle and log(hs-CRP) concentrations. SAS version 9.1 (SAS Institute) was used for all statistical analyses.
Results
Demographics and dietary intake. Overall, this cohort of women was young (mean age 27.3 y), of healthy weight (mean BMI 24.1), moderately to highly physically active (90.5%), nonsmokers (81.9% never smoked), low consumers of whole grains (67.0% consumed ,1 serving/d), and had low mean concentrations of hs-CRP across the menstrual cycle (66.0% ,1 mg/L) ( Table 1 ). Consumers of $1 serving/d of whole grains had lower serum concentrations of hs-CRP and triglycerides and lower insulin resistance and systolic blood pressure. Higher whole grain intake was associated with an overall healthier diet ( Table 2 ). More specifically, whole grain intakes $1 serving/d were associated with lower total fat, SFA, and monounsaturated fatty acid (MUFA) intake and higher fiber, magnesium, folate, B vitamins, vitamin E, and whole fruit intakes.
Women with elevated hs-CRP on average had higher BMI, were older, smokers, more likely to be African American, past oral contraceptive (OC) users, and more likely to have had an illness in the past month. They also had higher levels of triglycerides, insulin resistance, and blood pressure. Elevated hs-CRP was also associated with higher protein and SFA intakes and lower carbohydrate, fiber, magnesium, folate, vitamin E, and whole grain intakes.
Serum hs-CRP concentrations. Whole grain intake was inversely associated with serum hs-CRP concentrations (Fig. 1) . Specifically, consumption of whole grains between 0 and 1 serving/d (minimal consumers) and $1 serving/d (moderate consumers) was associated with decreased concentrations of 1 Values are mean 6 SD or n (%). OC, oral contraceptives; HOMA-IR, homeostatic model assessment-insulin resistance. 2 Based on mean whole grain servings per day per cycle and mean serum hs-CRP concentrations per cycle. A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. 3 P-values were calculated using generalized linear mixed models with random effects. 4 All makers were measured in serum except for glucose, which was measured in plasma. 5 To convert cholesterol (total, HDL, and LDL) from mg/dL to mmol/L, multiply by 0.026. 6 To convert triglycerides from mg/dL to mmol/L, multiply by 0.011. 7 To convert insulin from mU/L to pmol/L, multiply by 6.945. 8 To convert glucose from mg/dL to mmol/L, multiply by 0.0555.
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hs-CRP across the cycle compared with nonconsumers in models adjusted for total energy intake, age, race, BMI, illness, and NSAID use ( Table 3 ) (P = 0.02). For minimal consumers, hs-CRP concentrations across the cycle were 10.5% lower than the concentrations of nonconsumers. Similarly, for moderate consumers, hs-CRP concentrations were 12.1% lower than nonconsumers. To assess the robustness of our findings, we extended our nonconsumer group to women consuming ,1 serving/d. When we compared this reference group to women consuming .1 serving/d, the results, while still inverse, were slightly attenuated (data not shown). Because whole grain foods are rich sources of magnesium, dietary fiber, iron, B vitamins, vitamin E, and folate, we examined whether the observed significant inverse association between whole grain and CRP could be explained by these nutrients. Inclusion of dietary fiber attenuated some of the effect of whole grain intake on hs-CRP, as seen in model 3 (Table 3) . However, dietary fiber was not significantly associated with hs-CRP in these models. Inclusion of magnesium and vitamin E in the model also resulted in a slight attenuation, but the associations remained significant. Further adjustment for other dietary components, specifically SFA, PUFA, MUFA, fruit, and vegetable intake, did not appreciably change the results.
We further investigated whether certain metabolic factors (i.e. total, LDL, and HDL cholesterol; triglycerides; insulin; insulin resistance; glucose; systolic and diastolic blood pressure; homocysteine; and estradiol) were potentially mediating the effect of whole grains on CRP. The inverse association between whole grain and CRP remained significant and did not change materially after adjustment for these traits.
Risk of elevated serum hs-CRP. To extend the association between whole grain intake and serum hs-CRP to clinically relevant hs-CRP cutpoints, we used the AHA's cardiovascular risk cutpoints. Results from the generalized linear mixed model adjusting for age, race, BMI, illness, and NSAID use demonstrated that consumers at or above 1 serving/d of whole grains had lower odds of moving to a more severe AHA CVD risk categorization from cycle 1 to cycle 2 ( Table 4) . Specifically, women at low risk for CVD (hs-CRP , 1 mg/L) in cycle 1 who consumed $1 serving/d of whole grains had 59% lower odds of moving to a classification of moderate risk for CVD (hs-CRP $ 1 Values are mean 6 SD or median (25th percentile, 75th percentile). 2 Based on mean whole grain serving per day per cycle and mean serum hs-CRP concentrations per cycle. A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. 3 P-values were calculated using generalized linear mixed models with random effects adjusting for total energy intake. 4 A whole fruit serving was defined as 1 medium fruit, 1/2 cup (125 mL) of chopped, cooked, or canned fruit, or 1/4 cup (62.5 mL) of dried fruit. 5 A grain serving was defined as 16 g or 1/2 cup (125 mL) of bread, ready-to-eat cereal, cooked cereal, rice, or pasta. 6 A vegetable serving was defined as 1 cup (250 mL) of raw leafy vegetables, 1/2 cup (125 mL) of other cooked or raw vegetables, or 1/2 cup (125 mL) of vegetable juice.
1 mg/L and # 3 mg/L) and 89% lower odds of moving to an elevated classification of hs-CRP (hs-CRP . 3 mg/L) in cycle 2 compared with nonconsumers. Additionally, women at moderate risk for CVD in cycle 1 who consumed $ 1 serving/d of whole grains had 73% lower odds of moving to an elevated risk of CVD in cycle 2 compared with nonconsumers. Similar to the continuous analysis, further adjustment for other dietary components and metabolic variables had little effect on these estimates.
NCI sensitivity analysis. The distribution of whole grain intake observed in this study (based on the mean of up to four 24-h recalls) had a spike at zero (24.1% of cycles). The estimated distribution of whole grain intake based on the NCI method resulted in a smoothed distribution curve with no observations at zero. When usual whole grain intake based on the NCI method was assessed as a continuous, log-transformed variable in a linear mixed effects model with log hs-CRP as the outcome, a significant inverse association was observed adjusting for age, race, and BMI (P = 0.047) (Fig. 2) . 
Discussion
Consumption of whole grains was significantly and inversely associated with hs-CRP concentrations across the menstrual cycle in this cohort of young, healthy women. Furthermore, women who consumed $1 serving/d of whole grain had a significantly lower probability of having a moderate or elevated FIGURE 1 Unadjusted mean serum hs-CRP concentrations across the menstrual cycle by category of mean daily whole grain intake in healthy premenopausal women. Mean whole grain intake per cycle was based on up to four 24-h dietary recalls. A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. P-values were calculated using generalized linear mixed models with random effects where nonconsumers were the reference category. *Different from 0 servings/d, P , 0.05 and $1 servings/d. LF, late follicular; PO, peri-ovulatory (LH/FSH surge); OV, ovulation. 2 A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. 3 Predicted mean values are estimated for the average woman in the cohort (27.5 y, 24.1 BMI, 6728.3 kJ, Caucasian, not ill, no NSAID use, and 13.6 g/d fiber). 4 b and 95% CI were obtained used generalized linear mixed models with random effects. 5 Model 1 adjusted for energy intake (continuous), age (continuous), race (Caucasian, African-American, other), and BMI (continuous). 6 Model 2 adjusted for factors in model 1 and additionally adjusted for illness during 7 d prior to visit (yes, no) and NSAID use the day before blood draw (yes, no). 7 Model 3 adjusted for factors in model 2 as well as dietary fiber intake (continuous).
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hs-CRP categorization (based on AHA criteria). The associations remained significant after adjustment for various other demographic characteristics, metabolic variables, and dietary factors. These results highlight the benefits of even moderate whole grain intake as part of a healthy diet. Furthermore, this association raises the possibility of using whole grains as a potential, effective intervention to protect against the adverse reproductive outcomes associated with elevated hs-CRP in reproductive-aged women. Data on the association between whole grain intakes and hs-CRP concentrations among young, apparently health women are sparse. Findings from the present study are generally consistent with those among older women (mainly postmenopausal) (10) (11) (12) . For instance, in women from the Nurses' Health Study II (mean age, 42 y; mean CRP, 0.89 mg/L), an inverse association was observed between increased whole grain intake and CRP concentrations; however, this relationship no longer remained significant after accounting for lifestyle factors (alcohol intake, smoking, BMI, physical activity, and hypercholesterolemia) (12) . In the Multi-Ethnic Study of Atherosclerosis (mean age, 62 y; mean CRP, 3.26 mg/L) (11) and among women with type 2 diabetes in the Nurses' Health Study (mean age, 58 y; mean CRP, 5.75 mg/L) (10), significant inverse associations between whole grain intake and CRP remained consistent even after adjustment for several other factors. In a recent randomized clinical trial of 50 obese adults with metabolic syndrome (mean age, 45 y; mean initial CRP, 6.0 mg/L), a 12-wk intervention of 100% grain servings from whole grains resulted in a 38% decrease in CRP concentrations, independent of weight loss (30) .
The potential antiinflammatory effect of whole grains among young women is biologically plausible. Whole grains are a good source of vitamins (i.e. vitamins B and E), dietary fiber, and minerals (i.e. iron, selenium, and magnesium) (31) . These components may work synergistically to protect against inflammation and other disease processes. The antioxidants in whole grains are thought to lower the activation of inflammatory signals from reactive oxygen species. Selenium, e.g., may inhibit the activation of nuclear factor-kB (a protein that regulates immune response) by modulating selenoprotein gene expression and may increase selenoprotein biosynthesis leading to suppressed CRP production (32) . It has also been proposed that the dietary fiber in whole grains accounts for some of this antiinflammatory action by decreasing lipid oxidation, which in turn is associated with decreased inflammation, and reducing other substances that cause inflammation (i.e. the inhibition of hyperglycemia and its effects on lipids, particularly LDL cholesterol) (33) . It should be noted though that in the present study, the inverse association of whole grains with hs-CRP was not affected by adjustment for nutrients commonly found in whole grains, such as dietary fiber, magnesium, and vitamin E, suggesting that the reduced levels of inflammation could be due 2 Analyses used generalized linear mixed models with random effects and multinormal distribution. 3 A whole grain serving was defined as 16 g or 1/2 cup (125 mL) of a 100% whole grain food. 4 Based on the AHA's CVD risk cutpoints (26). 5 Adjusted for age (continuous), race (Caucasian, African-American, other), BMI (continuous), illness in past month (yes, no), and NSAID use before blood draw (yes, no).
FIGURE 2 Serum hs-CRP concentrations in healthy premenopausal women by usual intake of whole grains [NCI method (29) ]. Values are predicted means 6 95% CI, n = 509 cycles, 259 women. The analysis used generalized linear mixed models with random effects to evaluate the effect of usual intake of whole grains per cycle on log hs-CRP concentrations (up to 8 measurements/cycle).
to other nutrients beyond these or synergy between them. Additionally, the association persisted even after adjustment for energy and/or fat (specifically MUFA and SFA) consumption despite the significant differences in intake by whole grain category. Finally, after adjustment for various metabolic factors, the association of whole grain intake with CRP was not attenuated, suggesting that in contrast with findings among older women (12) , the association in our population of healthy women was not mediated by these factors.
The BioCycle study had a number of strengths. First, previous studies on the association of whole grain intake with CRP largely relied on a single measurement. In our study, the 8 measurements/cycle, standardized to the menstrual cycle, helped lower the variability in hs-CRP measurements that could have been due to endogenous hormone fluctuations (19) . No previous study to our knowledge has had such detailed information on potential effect mediators, including up to 16 standardized measures of insulin resistance, glucose, homocysteine, cholesterol, estradiol, and blood pressure. The estimation of dietary intake with multiple 24-h recalls (up to 4 per cycle) decreased the probability of dietary misclassification. The assessment of illness up to 4 times/cycle and NSAID use daily across the study is a unique strength of this study and greatly improved our ability to adjust for confounding (34) . Finally, the exclusion criteria at baseline strengthen the ability to draw inference, having reduced the potential for bias from known risk factors for inflammation.
Although this study expands on previous research, it does have several limitations. Like other observational studies, misclassification of dietary intake is possible. Although participants completed 4 diet assessments per cycle, it is plausible that some women classified as nonconsumers actually consumed a small amount of whole grains. However, when the effect of misclassification was assessed through a sensitivity analysis employing the NCI method for usual intake, the inverse association between whole grain intake and hs-CRP remained consistent. Also, given that in a nationally representative sample (NHANES 1999-2000) almost 30% of women consumed no whole grains, the high percentage of nonconsumers in this study is plausible (24) . Finally, although the whole grain intake of this sample was characteristic of the American population, we were limited to evaluating the association of whole grains and hs-CRP at modest levels of consumption due to the small number of high consumers.
In conclusion, moderate whole grain consumption ($1 serving/d) among young, healthy women was significantly associated with decreased concentrations of hs-CRP and lower odds of moving to a more severe AHA CVD risk categorization. This relationship was independent of various metabolic variables and dietary factors. Given that elevated concentrations of hs-CRP have been associated with adverse reproductive outcomes and risk of various chronic diseases, increased consumption of whole grains may offer a potential intervention for young women to improve not only short-term but also long-term health outcomes. Further studies are needed to confirm these findings and extend these results to assess the impact of higher levels of whole grain intake (i.e. USDA-recommended levels).
